2-Pentynoyl-CoA inactivates glutaryl-CoA dehydrogenase at a rate that considerably exceeds the rates of inactivation of short chain-and medium chain acylCoA dehydrogenases by this inhibitor and related 2-alkynoyl-CoAs. To determine the rate of inactivation by 2-pentynoyl-CoA, we investigated the inactivation in the presence of a non-oxidizable analog, 3-thiaglutaryl-CoA, which competes for the binding site. The enhanced rate of inactivation does not reflect an alteration in specificity for the acyl group, nor does it reflect the covalent modification of a residue other than the active site glutamate. In addition to determining the inactivation of catalytic activity a spectral intermediate was detected by stopped flow spectrophotometry, and the rate constants of formation and decay of this charge transfer complex (λ max ≈ 790 nm) were determined by global analysis. While the rate-limiting step in the inactivation of the other acyl-CoA dehydrogenases can involve the abstraction of a proton at C-4, this is not the case with glutaryl-CoA dehydrogenase. Glutaryl-CoA dehydrogenase is also differentiated from other acyl-CoA dehydrogenases in that the catalytic base must access both C-2 and C-4 in the normal catalytic pathway. Access to C-4 is not obligatory for the other dehydrogenases. Analysis of the distance from the closest carboxylate oxygen of the glutamate base catalyst to C-4 of a bound acyl-CoA ligand for medium chain-, short chain-and isovaleryl-CoA dehydrogenases suggests that the increased rate of inactivation reflects the carboxylate oxygen to ligand C-4 distance in the binary complexes. This distance for wild type glutaryl-CoA dehydrogenase is not known. Comparison of the rate constants of inactivation and formation of a spectral species between wild type glutarylCoA dehydrogenase and a Glu370Asp mutant are consistent with the idea that this inactivates Paracoccus denitrificans glutaryl-CoA dehydrogenase (GCD) 1 with t ½ less than 1 min (1). We also observed an extremely rapid rate of inactivation of human GCD by 2-pentynoyl-CoA. The oxidative reaction catalyzed by GCD is similar to other acylCoA dehydrogenases in that it oxidizes the acyl-CoA to the 2-enoyl-CoA, glutaconylCoA (2). However, the catalytic pathway of GCD differs from other members of the acyl-CoA dehydrogenase family because it also catalyzes the decarboxylation of glutaconyl-CoA to crotonyl-CoA. The latter reaction is formally the substitution of a proton at C-4 for CO 2 . Glu370 in human GCD abstracts a proton from C-2, prior to hydride transfer from C-3 to the N-5 of FAD, and then functions as a conjugate acid catalyst, Glu370H + , to transfer the same proton to C-4 of the transient, delocalized crotonyl-CoA anion following decarboxylation of glutaconyl-CoA (2, 3). Several aspects of the mechanism have been investigated with GCD isolated from Pseudomonas fluorescens (3). Given the sequence identity between this bacterial GCD and human GCD (64%) and the level of identity and conservative replacements (77%), a common reaction mechanism is likely. Unlike the glutamate base in MCAD and SCAD, Glu370 in human GCD is proposed to access both C-2 and C-4 of the bound acyl-CoA in the normal catalytic pathway (3). Also, mutants of human GCD are available that may also be useful for understanding a possible basis for the extremely rapid rate of inactivation of this dehydrogenase (4, 5).
where E, I, L, E .
I, E-I, and E
. L refer to enzyme, inhibitor (2-pentynoyl-CoA), ligand (3- thiaglutaryl-CoA), a reversible enzyme-inhibitor complex, an irreversible enzymeinhibitor covalent complex, and a reversible enzyme-ligand complex, respectively. K i and K L are dissociation constants for inhibitor and ligand, respectively, and k i is the firstorder rate constant for the inactivation process. The pseudo first-order rate constant of inactivation, k app , is related to k i , K i and K L by the following equation:
These parameters were evaluated by fitting all the data to equation 1, which is of the same form as that describing competitive inhibition (14) , by multiple non-linear regression using GraFit 4.0 (15). Each of the data sets was fitted simultaneously to equation 1 with k i , K L and K i as the shared parameters.
Stopped-flow kinetics and data analyses:
The rapid reaction kinetics of 2-pentynoyl-CoA with the dehydrogenases were monitored with an Applied Photophysics SX.18MV-R Stopped-Flow Reaction Analyser equipped with 256 element photodiode array detector and xenon lamp. The dead time of the instrument is about 1.0 ms in this configuration using a cell (20 µl) with a 2.0 mm path length. All concentrations cited refer to final concentrations after mixing. Wild type or Glu370Asp GCD was reacted with 2-pentynoyl-CoA at 4°C or 25°C in 10 mM phosphate buffer, pH 7.0, 5% ethylene glycol.
The reaction was monitored over 500 s at 4°C and 100 s at 25°C on a log time scale with spectra accumulated in the 330-1050 nm region at a spectral resolution of about 3.3 nm yielding a data matrix of 500 × 198.
The data were analyzed using Pro-K global analysis/simulation software supplied with the instrument. Global optimization of reaction parameters was achieved by using the Marquardt-Levenberg algorithm and the fitting to models by numerical integration.
The data was analyzed simultaneously at all wavelengths by curve fitting to an irreversible sequential first-order model:
where k f and k s are the fast and slow first-order rate constants related to the spectral species, A, B, and C. The absorbance at any given wavelength, A λ , is then given by a sum of two exponentials
where the k f and k s , being independent of wavelength, are averaged. The amplitudes, A Aλ, A Bλ and A Cλ allow the calculation of the spectrum and kinetic profiles of the three spectral species, A, B and C. Since interchanging the values of the rate constants k f and k s leads to non-meaningful calculated spectra, the assignment of fast and slow phases to either k f or k s becomes unequivocal.
Mass spectrometry. The covalent modification of GCD by 2-pentynoyl-CoA was detected by mass spectrometry. Wild type GCD (16.6 µM) was inactivated with a 5-fold excess of 2-pentynoyl-CoA in 10 mM ammonium acetate, pH 7.5 at room temperature for 5 min. As a control wild type enzyme without inhibitor was processed similarly. The molecular mass of a subunit of native and inactivated wild type GCD was determined by ESI mass spectrometry as described below. The ESI mass spectral experiments were carried out by coupling a protein-trapping column to a Q-Tof2™ mass spectrometer (Micromass Ltd, Manchester, UK). Mass spectra were acquired with the time of flight analyzer at pusher frequency 16129 Hz covering the mass range 1000 to 2500 amu and accumulating data for 5 s per cycle. Time to mass calibration was made with CsI cluster ions acquired under the same conditions. The cone voltage was 60 eV. The collision cell was maintained at 12 eV without gas. Protein samples were desalted by loading protein onto a protein-trapping column (15 × 1 mm) hand packed with a polymeric reverse phase resin (PRP-1, Hamilton Co., Reno, Nevada), with 1% acetic acid at 150 µl/min flow rate.
Elution of proteins was carried out with 90% methanol / 0.5% formic acid at a flow rate of 20 µl/min, using a syringe pump (Harvard Apparatus 22). Mass spectrometric data were processed using MassLynx software provided by Micromass Ltd. 
Quantitation of free CoAS
-anion. The release of CoAS -anion from covalently inactivated GCD was quantitated by reaction with DTNB by two methods. The first method was that described by Freund and coworkers (6) . In the second method, GCD was inactivated by addition of 10-fold molar excess of 2-pentynoyl-CoA at 4°C for one hour in 300 µl of 10 mM potassium phosphate buffer, pH 7.0, containing 5% ethylene glycol. The enzyme was removed from the reaction mixture by filtering through
Centricon centrifugal membrane filter (YM-30) and the free CoAS -anion in the filtrate was quantitated using 0.1 mM DTNB as above, again using ε 412nm = 14.1 mM
The results obtained by the two methods agreed within ± 10%. described (1, 24) . MCAD and SCAD were co-crystallized with ligands, octanoyl-CoA and acetoacetyl-CoA, respectively (21, 22), whereas isovaleryl-CoA was modeled into the active site of wild type IVD as described (1, 24) .
RESULTS

Kinetics of inactivation of GCD by 2-pentynoyl-CoA. The inactivation of human wild
type GCD by 2-pentynoyl-CoA was extremely rapid with a t ½ that was less than 10 s at 4°C. To characterize the inactivation quantitatively, the apparent rate of inactivation was determined at several different concentrations of a second ligand that binds to the active site. The ligand chosen was 3-thiaglutaryl-CoA, a redox inactive analog of glutaryl-CoA µM and 22.8 µM, respectively. This indicates that the inhibitor, 2-pentynoyl-CoA binds tightly, and the value for 3-thiaglutaryl-CoA agrees with our earlier determinations (4, 5) .
We also compared the pseudo first-order rate constants for the inactivation of wild type GCD and Glu370Asp GCD ( (18, 27) . Finally, substitution of Glu370 by glutamine drastically reduces the catalytic activity of GCD to 0.04% of wild type and substitution by aspartate reduces activity 14-fold (4) and rate constant of inactivation 4.5-fold. Some native peptide was also detected in the analysis of peptides from the inactivated protein although the reaction was run to completion as judged by the complete loss of catalytic activity and absence of significant native monomer as determined by ESI mass spectrometry (Fig. 3B) . The covalent derivative of the glutamate in porcine short-chain acyl-CoA dehydrogenase is known to be alkali-labile, as are the acyl-CoA dehydrogenases modified by 3-alkynoyl-CoAs (3, 28) . Some adduct is likely lost during reductive alkylation and trypsin digestion which are conducted at pH 8. Incubation of the peptides generated from unmodified and modified GCD at room temperature for 16 h in 0.1 M NH 4 OH resulted in the complete conversion of the modified peptide to the unmodified peptide but no change in the profile of the other peptides (Fig. 3C ). This result is consistent with the contention that Glu370
is the modified residue and that Glu370 reacts with the allene intermediate in a Michael addition forming an ester linkage. Rate constants determined by single wavelength analysis (791 nm) are identical to those obtained by global analysis (Fig. 4B) . The spectral species, B, with absorbance at 791 nm reaches a maximum of 96% and an apparent steady state in about 2 s (Fig. 4B ).
Spectral changes and rapid kinetics of interaction of GCD with 2-pentynoyl-
This apparent steady state persists between 2 and 6 s (Fig. 4B) . The calculated spectrum of species B (Fig. 5A) indicates that it is the spectral intermediate that exhibits the charge transfer band at long wavelength. Formation of species C occurs only after about 6 s (Fig. 5B) . The value of ε 791nm is 2.1 mM -1 cm -1 which is comparable to the charge transfer species exhibited by MCAD and SCAD during inactivation by 2-pentynoyl-CoA When the mutant dehydrogenase, Glu370Asp (37µM) was mixed with 560 µM 2-pentynoyl-CoA at 4°C there was no increase in long wavelength absorbance (Fig. 6) .
Nonetheless, the mutant is irreversibly inactivated and the final spectrum is similar to that of the wild type dehydrogenase following inactivation. SVD analysis indicated three spectral species. Thus, global analysis according to Scheme II, yields two pseudo firstorder rate constants, k f = 14.72 ± 0.05 min -1 and k s = 0.19 ± 0.01 min -1 (Fig. 6A) The mechanism of inactivation of MCAD and SCAD by 2-alkynoyl-CoAs involves initial abstraction of a proton at C-4 followed by isomerization of the delocalized C-4 anion to 2,3-pentadienoyl-CoA and covalent modification of the glutamate catalytic base by a Michael addition (7, 8) . It is likely that the pK a of the C-4
protons of 2-pentynoyl-CoA is comparable to that of a C-2 proton of the natural acylCoA substrates. Proton transfer from C-2 to the base catalyst of GCD initiates the catalytic pathway of GCD, as is the case with MCAD and SCAD (31). However, this protonated glutamate of GCD is also thought to function as a conjugate acid catalyst to protonate the crotonyl-CoA anion following decarboxylation of the enzyme-bound intermediate, glutaconyl-CoA (8, 9) . The proposed mechanism for inactivation of acyl-CoA dehydrogenases by 2-alkynoyl-CoAs is shown in Scheme III. a The numbering of the residues refer to the mature human sequence except peptide 1-25, which includes a methionine residue required for expression.
b The modified peptide has an additional peak at m/z 2775.2, which up on treatment with ammonium hydroxide reverts back to m/z 2676.8 (also see Figure 3 ). Table 2 . The relation between the carboxylate oxygen to ligand C-4 distance and the rate constants of inactivation by 2-alkynoyl-CoAs, the formation (k f ) and the decay (k s ) of the long wavelength absorbing intermediate(s) during the inactivation reaction.
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